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Substrate Eﬀect on the High-Temperature Oxidation
Behavior of a Pt-Modiﬁed Aluminide Coating.
Part I: Inﬂuence of the Initial Chemical Composition
of the Coating Surface
Nadia Vialas* and Daniel Monceau*
The eﬀect of substrate composition on the oxidation behavior of the industrial
NiPtAl coating RT22TMwas investigated by studying the isothermal and
cyclic-oxidation behavior of this coating deposited on three diﬀerent Ni-base
superalloys (CMSX-4TM, SCBTM and IN792TM). Isothermal tests were
performed at 900, 1050 and 1150C for 100 h. Cyclic oxidation was studied at
900C with a holding time of 300 h for up to 52 cycles (i.e, 15,600 h at
900C). Thermogravimetric analysis (TGA), X-ray diﬀraction (XRD),
microstructural and analytical investigations using scanning-electron micros-
copy (SEM) and transmission-electron microscopy (TEM), both equipped
with energy-dispersive X-ray spectroscopy (EDS) were performed to char-
acterize the oxidation behavior of the systems studied. An eﬀect of the
superalloy substrate was observed and related to the initial chemical compo-
sition of the coating surface which depends on the superalloy and the associ-
ated heat treatments. The eﬀect of the substrate’s alloying elements is
discussed. Particularly the inﬂuence of Ti and Ta that formed rutile-type
oxides inducing oxide-scale cracking and spallation. The excellent resistance
to cyclic oxidation of the coating systems studied at 900C was also demon-
strated from very long duration tests of 15,600 h.
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INTRODUCTION
Improving gas-turbine performances requires to identify and understand the
damaging processes occurring during their service life. This is particularly
important for gas-turbine blades which are subjected to high temperature
and aggressive oxidizing environments. Platinum-modiﬁed aluminide coat-
ings are widely used to protect Ni-base superalloys for aero and industrial
gas-turbine blades.1 Therefore, a better understanding and analysis of the
behavior and performance of these coatings is useful, and the present work
was devoted to the oxidation behavior of the industrial diﬀusion coating
RT22TM. For a diﬀusion coating, the ﬁrst parameter to consider is the
coating composition and its microstructure which is aﬀected by the super-
alloy substrate during application of the coating and the associated heat
treatments, as well as during the service life at high temperature. Indeed,
substrate alloying elements can be found in solid solution in the coating or
inside precipitate.2–4
A number of previous papers have studied the oxidation of bulk nickel-
aluminide and aluminide coatings. In the early stage of oxidation of nickel-
auminide diﬀusion coatings, stable oxides such as a-Al2O3 or TiO2 (when Ti
is present), and transient oxides such as c-Al2O3, d-Al2O3 and h-Al2O3 are
formed. When the temperature dwell is extended, transient alumina trans-
forms to a-Al2O3, starting at the metal/oxide interface, to form a continuous
and protective oxide-scale layer. Whereas a-Al2O3 is the moss-stable phase,
its thermodynamic stability is only slightly higher than the stability of the
other Al2O3 phases, and the phase transformation may take a long time,
especially at lower temperatures. Moreover, when cyclic oxidation is con-
sidered, one has to take into account that transient alumina can re-form on
the bare-metal surface left by oxide-scale spalling at the metal/oxide inter-
face. It is generally admitted that the relatively fast-growing theta- and
delta-alumina phases with a whisker-like or platelet-like morphology are
growing by cationic diﬀusion, although it is diﬃcult to prove5 since the
transition alumina phase is diﬃcult to isolate. The bulk diﬀusion of O and
Al in a-Al2O3 single crystals is very slow, and the growth of a-Al2O3 scale is
controlled by grain-boundary diﬀusion when the grains are small enough.
Moreover, a strong correlation exists between roughness and oxide grain
size.6 The growth mechanism of Al2O3 scales is expected to depend strongly
on the chemical composition of the aluminide coating.7 Impurities and
dopants aﬀect the transport properties of a-Al2O3 which is an extrinsic semi-
conductor, they modify the grain size and sintering, and inﬂuence also the
transient-to-alpha-alumina transformation.8 Then, the eﬀects of dopants
and impurities on the oxidation kinetics are complex, although often
observed.9 Schumann et al.10 reported an anionic growth of a-Al2O3 on
NiAl at 1200C, but at the same temperature, Pint et al.11 have shown that
Y and Zr dopants changed the scale-growth mechanism from a mixed Al
and O transport to predominantly O transport when alpha alumina is
formed. Young et al.12 observed a cationic growth on Y- and Zr-doped
b-NiAl, but this could be due to the presence of transient alumina as sug-
gested by Pint et al.11 Ti, which is present in the three substrate alloys
studied here, is known to accelerate the transient-to-alpha-alumina trans-
formation.8 This recent observation can be linked to the fact that NiAl with
a dispersion of TiO2 quickly forms an a-Al2O3 scale.
13 During their service
life, gas-turbine blades are submitted to thermal cycling inducing the
spallation of the protective a-Al2O3 scale and an increase in Al consump-
tion. Oxide-scale-spallation results from the combination of several
parameters and processes such as energy of metal/oxide interface, growth
and thermal stresses,14 surface roughness, surface preparation,15 tempera-
ture, temperature drop, cycle frequency16,17 and is also dependent on
material composition18 and microstructure.
Modiﬁcations of coating composition and microstructure result from
the combination of high-temperature oxidation-corrosion and of interdif-
fusion between the coating and its substrate. Several author4,19 have shown
that Ti diﬀuses quickly through the coating and becomes incorporated into
the oxide scale by forming a TiO2 layer on the top of the Al2O3 scale. In the
same way, Ta-rich oxides could be formed.19 Such Ti, Ta-rich oxides for-
mation could accelerate the growth kinetics of oxide scales20 and promote
oxide-scale cracking.4,19–23 All these observations indicate that the dura-
bility of a superalloy/coating system depends not only on the nominal
coating composition and microstructure but also on the substrate compo-
sition and of the preparation process and subsequent heat-treatment.
Therefore, any modelling of the properties and behavior of a coating must
be based on the characterization of the whole coating/substrate system.
In the present study, the same industrial platinum-modiﬁed aluminide
RT22TM coating was deposited on three diﬀerent Ni-base superalloys:
CMSX-4TM, SCBTM and IN792TM. In this ﬁrst part of the paper, the
as-coated microstructures are described and the eﬀects of the substrate on
the scale-growth kinetics and on the oxide-scale morphology, microstruc-
ture and composition are reported. Results concerning the short-term
isothermal oxidation at 900, 1050 and 115C and the long-term, cyclic-
oxidation tests (up to 15,600 h) at 900C are discussed. The eﬀect of
substrate alloying elements Ti and Ta is more particularly detailed. This
ﬁrst part of the study focuses on the inﬂuence of the substrate on the
composition and microstructure of the Pt-modiﬁed-aluminide coating. The
kinetics and long-term consequences of Al consumption by selective oxi-
dation, scale spallation and interdiﬀusion will be discussed in a second
part which presents long-term cyclic oxidation tests performed at higher
temperature (1050C).
EXPERIMENTAL PROCEDURE
Materials
Three nickel-base superalloys were used as substrates: two single-crystal
nickel-base superalloys, CMSX-4TM and SCBTM, and a polycrystalline
nickel-base superalloy IN792TM. The nominal chemical compositions of the
investigated substrates are reported in Table I. Single-crystal CMSX-4TM is a
second-generation Re-containing superalloy. Single-crystal SCB was devel-
oped by ONERA within the framework of a European program.24 Cast
polycrystalline IN792TM was provided by Turbomeca-SAFRAN and con-
tains 0.5 wt% of Hf. All the specimens were discs of 9 mm in diameter and
2 mm thickness. They were all coated with the industrial coating RT22TM
manufactured by Chromalloy France. The RT22TM diﬀusion coating is a
high-activity, platinum-modiﬁed aluminide. After alumina grit blasting and
cleaning of the substrates, Pt was electrolytically deposited onto disc speci-
mens. The geometry and size of test specimens used for thermogravimetry
analysis required to laser weld a small lateral rod of IN82TM for the electrical
contact required by the electrolytic deposition process of Pt. The thickness of
Pt deposits is 7±2 lm. After Pt deposition, diﬀusion treatments were per-
formed under high vacuum (P<10)3 Pa). The heat-treatment temperature
and duration depend on the superalloy, l h at 1010C for single-crystal su-
peralloys CMSX-4TM and SCBTM and 2 h at 1010C for polycrystalline
superalloy IN792TM. Aluminizing was then realized by pack cementation at
996C. Finally, post-coating heat treatments were performed depending on
superalloy substrate as reported in Table II.
The above procedure lead to a total coating thickness of 75±7 lm on
the three investigated substrates. As shown by the surface roughness mea-
sured with an optical microscope equipped with a Zigo-newviewTM-100
interferometer and reported in Table II, no signiﬁcant inﬂuence of substrate
on surface roughness was detected. All as-processed coatings are rather
rough with an irregular surface when compared with aluminide CVD
Table I. Nominal Atomic Composition of CMSX-4, SCB and 1N792 Substrates
%at Ni Cr Co Al Ti Ta W Mo Re Hf Zr Fe Si
CMSX-4 63 7.5 10 12.6 1.3 2.2 2.1 0.3 1 0.03 0.005
SCB 66 13 5 8.5 5.5 0.6 1.2 0.6
IN792 60.1 13.5 9 7.6 5 1.3 1.2 1.2 0.2 0.1 0.5 0.4
coatings with a Ra of about 0.5 lm (Ra is the average of distance between
the surface and the virtual mean ﬂat surface). But they are less rough that
VPS NiCoCrAlY coatings (typical Ra of about 5 or 6 lm).
Experimental Methods
As-processed coated specimens were oxidized isothermally and cyclically.
No additional polishing of coated specimens, was performed before oxidation
tests to reproduce as well as possible the normal service conditions. Samples
were only cleaned in ultrasonic baths with acetone and ethanol before oxida-
tion tests. Isothermal-oxidation tests were performed using a symmetrical
SetaramTGA24S thermobalance for 100 h in ﬂowing synthetic air at 900, 1050
and 1150C, with a heating rate of 60C/min. Mass gains recorded during
specimen heating were not taken into account.Mass-gain curves were analyzed
by local ﬁtting to a general parabolic law25 which permits to detect and analyze
the variations of the parabolic rate constant kp as a function of time. All sample
surfaces and cross-sections were examined by SEM.
Long-term cycles (holding time of 300 h) were performed up to 52
cycles (i.e., 15,600 h) at 900C in still laboratory air in a CarboliteTM fur-
nace. Pt/Pt–Ph thermocouples (0.2 mm in diameter) were spot welded on
spare samples to draw a thermal map of the furnace and to measure heating
and cooling rates of test specimens. Specimens were hung with a platinum
wire on alumina rods and placed on a sample-holder in the hot furnace. The
measured heating rate was 3C/s. Each cycle consisted of 300 h of heating at
900C, then all specimens were maintained for 300 h in the furnace at
900±3C, then removed from the furnace and cooled to room temperature
in front of fans. This procedure leads to an initial cooling rate of 9C/s.
Before testing and after cycle, specimens were weighted with an accuracy of
10lg by using a SartoriusTM microbalance Genius ME215S. The Net Mass
Change per unit area (NMC) was measured as a function of cycle number,
spalled-oxide mass was not included in NMC measurements. Three samples
for each system were initially placed in the furnace, so that the
Table II. Post-Coating Heat Treatments Depending on Superalloy Substrate
CMSX-4 SCB IN792
Solution heat treatment 2 h at 1120C ± 10C None 2 h at 1120C ± 10C
1st ageing 20 h at 870C 24 h at 850C 24 h at 845C ± 10C
2nd ageing None None 16 h at 760C ± 10C
Ra(lm) 1.3 1.5 1.3
Coating surface roughness in terms of parameter Ra.
microstructure of one specimen of each coating system studied was inves-
tigated after 6, 17 and 35 cycles of 300 h at 900C.26
All sample surfaces and cross-sections were examined before and after
oxidation by using a LeoTM435 scanning-electronmicroscope (SEM) equipped
with a PGTTM energy-dispersive X-ray spectrometry system (EDS). Oxidized
samples were coated with Ni before molding. Furthermore, thin cross sections
of oxide scales were prepared and examined in JeolTM 2010 TEM, equipped
with a Voyager EDS system. TEM samples were prepared as follow. Two
oxidized parallelepiped pieces were cut with a wire diamond saw. The pieces
were glued together, oxide next to the oxide, and embedded in a 3 mm brass
tube using a Gatan epoxy resin. After curing, the tube was sectioned into
300 lm-thick discs which were mechanically polished on the two faces and
dimpled with a South Bay Technology dimpler. Finally, they were ion-milled
during several hours using a Gatan Precision Ion Polishing System until a hole
could be detected. SeiﬀertTMX-ray diﬀraction apparatus (XRD)was used at 4
grazing incidence withCuka radiation to identify the nature of the oxides
present in the oxide scales.
EXPERIMENTAL RESULTS
As-coated Microstructures
RT22/CMSX-4
Figure 1 shows the topography, morphology and microstructure of the
surface of a RT22/CMSX-4 specimen in the as-coated condition. The sec-
ondary-electron image (Fig. 1a) shows the surface topography and reveals its
heterogeneity with large protrusions and valleys with a granular structure.
This surface topography is expressed through the parameter Ra reported in
Table II. A back-scattered electron (BSE) image (Fig. lb) reveals the chem-
ical composition heterogeneity. Protrusions are a mixture of two phases,
b-NiAl appearing as a grey phase and PtAl2 as a bright one. Black zones are
covered by alumina grown during heat treatments under vacuum. The
granular structure of valleys is conﬁrmed by BSE image. Valleys are also
composed of PtAl2 and b-NiAl but a brighter phase located between b-NiAl
grains can also be detected. This phase is neither PtAl2 nor an oxide. It is rich
in Ti and Ta as observed on an EDS elementary map (Fig. 2). Its chemical
composition, as given by SEM-EDS analysis, is reported in Table III. As the
analyzed areas are smaller than 1 lm, the reported values do not provide the
actual chemical composition of this (Ti, Ta)-rich phase, Ti and Ta contents
are certainly underestimated. According to the Ni–Ti–Al and Ni–Ta phase
diagrams, respectively studied by Huneau et al.27 and Ansara et al.,28 this
(Ti, Ta)-rich phase observed at the surface of RT22/CMSX-4 system is likely
a solid solution Ni(Ti, Al, Ta)2 of isostructuralðFd3mÞ NiTi2, NiAl2 and
NiTa2 intermetallic compounds. This phase is too thin to be clearly identiﬁed
in SEM of cross sections. Nevertheless, an EDS map of the chemical ele-
ments26 on a cross-section, revealed a thin phase enriched in Ti and Ta and
without O close to the coating surface.
Cross sections of RT22 coating on CMSX-4 show that it is a two-phase
coating composed of several layers (Fig. 3a). Table III reports the chemical
composition, measured by TEM–EDS and SEM–EDS, of the phases and
precipitates observed in as-processed RT22/CMSX-4 system. Data reported
are concentration ranges resulting from several measurements obtained on
several zones and precipitates. Large ﬂuctuations are either due to
Fig. 1. The surface of RT22/CMSX-4: (a) secondary electron and
(b) back-scattered electron images.
occasional contribution from the matrix for small particles or actual local
variations in composition. From the surface to the substrate, the following
zones of diﬀering contrast can be identiﬁed (Fig. 3a):
• A bright, 20 lm-thick, external zone (EZ), consisting in a mixture of
b-NiAl and PtAl2 phases. Two layers of diﬀering composition and
microstructure can be distinguished: (1) the external layer of colum-
nar microstructure in which PtAl2 is the predominant phase; (2) the
internal and thicker layer characterized by an equiaxed microstruc-
ture and in which PtAl2 and b-NiAl are homogeneously distributed.
Fig. 2. EDS maps of Ti and Ta performed at the surface of RT22/CMSX-4 before oxida-
tion showing Ti and Ta-rich phase between b-NiAl grains.
Table III. Chemical Composition (at.%) Measured by TEM–EDS and SEM–EDS of Phases
and Precipitates Encountered in RT22/CMX-4 before oxidation
Phase Method Al Ti Cr Co Ni Mo Ta W Pt Re
b-NiAl
(zone 1,2)
SEM–EDS 49–51 0 1 4 34–36 1 0 0–1 7–8 1
TEM–EDS 38–47 2–5 0.5–4 3–5 26–43 0 0–2 0–1 6–21 0
b-NiAl
(zone 3,4,5)
SEM–EDS 38–47 0–1 1–4 5–7 40–50 0 0–1 0–1 0–3 0–1
TEM–EDS 32–47 1–3 1–4 5–8 42–54 0 0–1 0–1 0–5 0–1
PtAl2
(zone 1,2)
SEM–EDS 54–55 0–1 4–7 2–3 13–17 1 0 0 20–21 0
TEM–EDS 44–46 5–6 6–7 2 9–10 0 0–2 0 31 0
a-w
(zone 1,2,3)
TEM–EDS 2–10 6–11 1–5 1–2 6–15 2–5 24–35 32–40 0–7 8–10
r (zone 3) TEM–EDS 1–2 5–7 34–35 2–5 6–10 1–8 20–26 6–8 1–2 13–16
l (zONE 4,5) TEM–EDS 0–4 3–5 18–32 12–14 13–22 1–5 8–19 11–21 0 7–12
a-Cr (zone 5) TEM–EDS 1–2 2-3 48–49 18–19 10–11 1–2 4–5 6–7 0 5–6
c¢-Ni3Al
(zone 4,5,6)
SEM–EDS 20 2 4 9 60 0–1 4 0 0 0
TEM–EDS 9–18 2–5 0–3 6–9 62–68 0–1 3–6 0–3 0–1 0
c-Ni TEM–EDS 2–3 1–2 18–19 18–19 47–48 1–2 1–2 3–4 0 3–4
Ti, Ta-rich
phase
btw b-NiAl
grains
SEM–EDS
(approxim)
<28 > 23 2 3 <25 0–1 > 12 1 <4 1
Fig. 3. Cross-section (SEM-BSE) of as-coated (a)
RT22/CMSX-4 (b) RT22/SCB (c) RT22/IN792.
• A dark middle zone (MZ, layer 3), 45 lm thick, which consists on a
single phase b-NiAl with numerous precipitates of a-W and r-phase
according to the work of Zhang et at.29 and Angenete et. al.2,3
• An interdiﬀusion zone (IZ) 25 lm thick with a b-NiAl matrix
containing c¢ precipitates and precipitates rich in heavy elements.
These SEM observations were complimented by the TEM investigations
shown in Fig. 4. In layer (2) of the EZ, in addition to b-NiAl and PtAl2,
round W-rich precipitates were observed. According to their chemical com-
position and to the literature,2,3 they are identiﬁed as a-W particles. In layer
(3), a-W and r-phase precipitates are identiﬁed. In IZ, two layers can be
distinguished: the layer (4) where precipitates are larger, round or blocky, they
correspond to the rhombohedral l-phase, and the layer (5) at the IZ/substrate
interface, where Cr-rich precipitates were observed between coalesced
Fig. 4. TEM images of as coated RT22/CMSX-4 in several zones (layers refer to Fig. 3a).
c¢ grains (rafting zone). These last precipitates, smaller than the l-phase
precipitates, are probably based on the bcc a-Cr phase. Finally the substrate
(layer 6) has a typical microstructure of single-crystal superalloy with
cuboı¨dal c¢ precipitates in a c phase matrix. In single-crystal superalloys, the
precipitates c¢ size remains within the range from 0.2 to 5 lm and their vol-
ume fraction can reach 70% at room temperature.30 The characteristics of the
superalloy studied are within these speciﬁcations.
RT22/SCB and RT22/IN792
The morphology and microstructure of as-coated RT22/SCB and
RT22/IN792 specimens are shown in Figs. 5 and 6. Surface of RT22/SCB is
Fig. 5. The surface of RT22/SCB: (a) secondary electron and (b)
back-scattered electron images.
also irregular and rough (Table II). Secondary-electron imaging (Fig. 5a)
and BSE imaging (Fig. 5b) reveal a two-phase microstructure (b-NiAl and
PtAl2) with pores and Al2O3 grains. There are numerous pores but no
protrusion on RT22/IN792 (Fig. 6a). Thus, the surface of this system
appears smoother despite a similar Ra than the other systems (Table II).
Back-scattered electron image of RT22/IN792 (Fig. 6b) conﬁrms the two-
phase microstructure (b-NiAl and PtAl2) with Al2O3 grains grown during
heat treatment. The Ti and Ta-rich phase, Ni(Ti, Al, Ta)2, detected on
RT22/CMSX-4 specimens was not observed on these coated specimens.
This observation should be linked to the composition of the substrates but
also to the eﬀect of the heat treatments which are diﬀerent for the three
Fig. 6. The surface of RT22/IN792: (a) secondary electron and
(b) back-scattered electron images.
systems. Then, Ti and Ta average concentrations were measured in the three
systems after their heat treatment. RT22 on CMSX4 contains 1 at.% of Ta
and 0.6 at.% Ti in average, whereas RT22 on IN792 contains 0.8 at.% Ta
and 2.2 at.% Ti and RT22 on SCB contains only 0.2 at.% Ta and 1.4 at.%
Ti. From these results it appears that a critical Ta content is certainly
necessary to the formation of the Ti–Ta-rich phase at the surface of the
RT22 coating.
The microstructure of the coating RT22 on SCB and on IN792
observed in cross-sections are shown in Fig. 3b and c. These two systems are
composed of the same zones than RT22/CMSX-4 (EZ, MZ and IZ), but
their chemical composition (respectively, given in Tables IV and V), thick-
ness and nature of precipitates depend on the nature of the substrate
superalloy and associated heat treatments. Precipitates in EZ of RT22/SCB
are bcc a-W particles. In IZ, three types of precipitates are observed: bcc
a-Cr phase, (Ti, Ta)-rich precipitates and tetragonal r-phase. In RT22/
IN792, large (Ti, Ta)-rich precipitates were found in EZ, MZ, IZ and in the
substrate. Two others types of precipitates were identiﬁed: (Cr, Ta, W, Mo)-
rich phase (prec 2) in MZ and IZ and tetragonal r-phase in IZ. Their
chemical compositions are reported Table V.
Table IV. Chemical Composition (at.%) Measured by SEM–EDS of Phases Encountered in
RT22/SCB before Oxidation
Phase Al Ti Cr Co Ni Mo Ta W Pt
b-NiAl(EZ) 56 0–1 0–1 2 35 0–1 1 1 4
b-NiAl(MZ) 53 0–1 1 2 41 0–1 0–1 1 1
PtAl2(EZ) 58–59 1 4 1 10–12 1 0–1 0 21–23
Table V. Chemical Composition (at.%) Measured by SEM–EDS of Phases and Precipitates
Encountered in RT22/IN792 Before Oxidation
Phase Al Ti Cr Co Ni Mo Ta W Pt
b-NiAl(EZ) 51 1 2 5 37 0–1 0 0 5
b-NiAl(MZ) 48 1 1 6 44 0–1 0 0 1
b-NiAl(IZ) 35 5 7 7 45 0 0 0 0
PtAl2(EZ) 54 1 8 2 12 1 0 0–1 20
c¢-Ni3Al(IZ) 15 9 2 6 64 0 3 0 0
Prec 1(TiTa) 1–5 46–50 1–2 1 6–8 3–4 33–34 3–4 0
Prec 2 1 10 31 2 7 16 16 16 0
Prec 3(r) 2 1 50–52 13 18 6 1 6 0
Isothermal Oxidation Kinetics
Thermogravimetry data at 900, 1050 and 1150C for RT22/CMSX4,
RT22/SCB and RT22/IN792 systems are shown in Figs. 7a, 8a and 9a
(continuous line), respectively. The ﬁrst part of the curves is marked by fast
and large mass gains and correspond to the transient stage during which all
the stable oxides can form in addition to transient alumina. The second parts
of the curves are parabolic. These mass-gain curves were analyzed using local
ﬁtting to a general parabolic law,25 and the evolution of the parabolic rate kp
as a function of time is reported as dashed line in Figs. 7a, 8a and 9a.
Enlargements of the transient stage are shown in Figs. 7b, 8b and 9b. Growth
kinetics of a and h-alumina, calculated according to literature data for a
Fig. 7. (a) Mass-gain curves and kp evolution at 900C of RT22/CMSX-4, RT22/SCB
and RT22/IN792. (b) enlargement of kp evolution during transient stage.
Fig. 8. (a) Mass-gain curves and kp evolution at 1050C of RT22/CMSX-4, RT22/SCB
and RT22/IN792. (b) Enlargement of kp evolution during transient stage.
single-crystal NiAl31 are additionally reported on the kp curves. For the three
coating systems, at 900, 1050 and 1150C, the oxidation kinetics are para-
bolic, and the parabolic rate constant kp varied slightly with time. Arrows
mark several inﬂection points on mass change leading to a kp ‘‘peak’’, for
example at about 20 h at 1050C for RT22/SCB. These inﬂection points of
mass gain curves are probably due to oxide-scale cracking without spalling
and subsequent healing, because kp has about the same value before and after
the ‘‘peak’’.
At 900C (Fig. 7), the oxidation kinetics of RT22/CMSX-4 and RT22/
SCB are quite similar with a high value of kp and a steady-state stage which
is not reached. After 100 h at 900C, the oxidation kinetics are not yet fully
controlled by a-alumina growth. On the contrary, RT22/IN792 has a
parabolic rate constant kp which is closer to the values corresponding to
a-alumina growth on pure NiAl. At 1050 and 1150C, a steady-state stage is
reached for all coating systems, and the oxidation kinetics are controlled by
a-alumina growth. But RT22/CMSX-4 has a slightly longer transient stage
than RT22/SCB and RT22/IN792. This could indicate that transformation
of transient alumina to a alumina is slower on RT22/CMSX-4 or that the
nature of transient oxides grown on this system is diﬀerent.
Cyclic Oxidation Kinetics at 900C
Net mass changes per surface area (NMC) are reported, for each
specimen, in Fig. 10. No mass loss was detected even after 52 cycles of 300 h
(i.e.,15,600 h). That means there was no spallation or rather that the
amount of oxide spalled during cooling was systematically lower than the
Fig. 9. (a) Mass-gain curves and kp evolution at 1150C of RT22/CMSX-4, RT22/SCB
and RT22/IN792. (b) Enlargement of kp evolution during the transient stage.
amount of oxide grown during high-temperature dwell. Figure 10 shows
clearly that for all samples (three of each system), RT22/SCB system has a
faster oxidation rate than RT22/CMSX-4 and than RT22/IN792, at least
during the ﬁrst 16 cycles (i.e., 4800 h). The higher kinetics for the SCB
substrate may be due to the lack of Hf and Zr in this alloy, as reactive
elements are known to reduce the growth kinetics of a-Al2O3. This expla-
nation would be also consistent with the lowest oxidation kinetics after 16
cycles, observed with the IN792 substrate which has the highest Hf level. If
this is the case, Hf and Zr are in small quantity in the oxide since no RE was
detected with EDS in the SEM and TEM.
After respectively 16 (or 20) cycles and 26 cycles of 300 h (marked by
arrows), the oxidation kinetics increased suddenly for RT22/CMSX-4 and
RT22/IN792. These fast mass changes can be attributed to the cracking of
the alumina scale permitting a faster inward-oxygen diﬀusion with limited
scale spallation. Indeed, assuming that there was only negligible spalling, the
local ﬁtting of the general parabolic law was used on the cyclic mass-change
curves. It is then possible to calculate the parabolic rate constants before
and after the sudden change of slope. The kp obtained with cyclic-oxidation
curves are compared in Table VI with kp calculated from TGA curves and
with literature data. As expected, after longer oxidation duration, kp is
Fig. 10. Net mass change at 900C of each coating system after 6 cycles, 17 cycles, 35
cycles and 52 cycles 300 h (i.e., 1800, 5100, 10,500 and 15,600 h).
closer to the value corresponding to a-alumina growth. The kp calculated
after the sudden mass raise (i.e., after probable cracking) is similar to the kp
calculated before the jump which indicates that the resulting fast oxygen
diﬀusion permits the rapid healing of the protective a-Al2O3 scale.
XRD Investigations
Comparison of the three coating systems diﬀractograms (Figs. 11–13)
reveals some diﬀerences between the three systems RT22/CMSX-4, RT22/
SCB and RT22/IN792. In the following description, distinction is made
between metallic and oxide-scale phases.
Metallic Phases
Before oxidation, XRD conﬁrms that RT22 is a two-phase coating
consisting in a mixture of PtAl2 and b-(Ni, Pt)Al, on the three superalloys.
According to the Ni–Pt–Al phase diagram proposed by Gleeson et al.,32
PtAl2 transforms into b-(Ni, Pt)Al by losing Al and by gaining Ni when its
Pt content is constant. In the present study, PtAl2 is still detected in the three
systems after 100 h isothermal oxidation at 900C. This means that the
amount of Al lost by oxidation and diﬀusion and the amount of Ni gained
by diﬀusion after this treatment is not suﬃcient to transform all the PtAl2
phase into b-NiAl, whereas the same duration at 1050C or 1150C is
suﬃcient. After a large Al consumption by oxidation and interdiﬀusion,
b-NiAl transforms fully to c¢-Ni3Al. This was shown by XRD and SEM for
the three coated superalloy systems after 100 h at 1150C (Fig. 17 g–i).
However, 35 cycles of 300 h at 900C were not suﬃcient to transform all the
b-NiAl to c¢-Ni3Al.
Oxide Scales
All systems formed a-Al2O3 on the surface, but some signiﬁcant dif-
ferences were revealed by XRD. The ﬁrst one concerns the nature of the
Table VI. Comparison of parabolic rate constants kp(mg
2 cm)4 s)1) calculated according to
isothermal and cyclic mass change curves at 900C, and values from the literature
RT22/CMSX-4 RT22/SCB RT22/IN792
kp isothermal at 100 h 5.8 10)8 9.5 10)8 9.3 10)9
kp cyclic before mass jump 2.9 10)9 5.2 10)9 1.6. 10)9
kp cyclic after mass jump 3.5 10)9 5.0. 10)9
kp isothermal for h-Al2O3 2 10)7
kp isothermal for a-Al2O3
a 8 10)10
a This value is extrapolated from 1400 to 950C data obtained on pure NiAl by Burmm
and Grabke31.
transient oxide detected. Indeed, RT22/CMSX-4 and RT22/IN792 formed
the transient alumina c-Al2O3 (Figs.11 and 13) whereas RT22/SCB formed
h-Al2O3 (Fig. 12). The second point is that after 100 h isothermal oxidation
at 900C these transient oxides were detected only on RT22/CMSX-4 (i.e.,
c-Al2O3) and RT22/SCB (i.e.,h-Al2O3). This is in good agreement with the
parabolic rate constants kp previously calculated (Fig. 7) which show that
oxidation kinetics at 900C are controlled by a-Al2O3 growth only for
RT22/IN792.
During a long-term, cyclic-oxidation test at 900C, peaks of transient
alumina h-Al2O3 on RT22/SCB (Fig. 12) disappeared with increasing
number of cycles because of the h-to-a-Al2O3 transformation. But peaks of
c-Al2O3 on RT22/CMSX-4 (Fig. 11) and RT22/IN792 (Fig. 13) ﬁrst dis-
appeared and then reappeared after extended cyclic oxidation (27 and 35
cycles for RT22/CMSX-4 and 21 cycles for RT22/IN792). This observation
will be discussed later. The ﬁnal point concerns the rutile oxide TiO2 (or a
mixed rutile oxide) which is detected only on RT22/CMSX-4 and RT22/
IN792 (Figs. 11 and 13), i.e., transient alumina c-Al2O3 is detected when
rutile oxide is also detected. A possible correlation between rutile oxide and
c-Al2O3 formation will be discussed in the following.
Fig. 11. XRD diagrams for RT22/CMSX-4. b stands for b-NiAl, c¢ for c¢-Ni3Al, a for
a-Al2O3, c for c-Al2O3, R for rutile oxide TiO2 or mixed (Ti, Ta)2O4, sp for spinel
NiAl2O4 or others.
Microstructural Investigations
Oxide Scale Surface Morphologies After 100 h at 900C
Surfaces of all specimen were examined using SEM after 100 h at
900C. Morphologies of the oxide scales formed at this temperature are
shown in Fig. 14. At 900C, whiskers were observed on all coating systems.
This is a typical transient-alumina morphology that indicates cationic
growth.33 Whiskers are less numerous on RT22/IN792, which is consistent
with XRD diagrams (Fig. 13) where transient oxide is not detected on
RT22/IN792 after 100 h at 900C and with thermogravimetry results
(Fig. 7) which show that the oxidation kinetics are controlled by a-Al2O3
growth only on RT22/IN792.
Oxide Scale Surface Morphologies After 100 h at 1050C
After 100 h at 1050C (Figs. 11–13), the scale is composed mainly of
a-Al2O3 on the three systems except on RT22/CMSX-4 and RT22/IN792
which also contain transient alumina c-Al2O3 and rutile oxide TiO2 or mixed
rutile oxide (Ti, Ta)2O4. In both cases, small whiskers were observed, and
spalled zones were detected on RT22/CMSX-4 (Fig. 15a).
Fig. 12. XRD diagrams from RT22/SCB. b stands for b-NiAl, c¢ for c¢-Ni3Al, a for
a-Al2O3, h for h-Al2O3.
Oxide-Scale-Surface Morphologies After 100 h at 1150C
Surface morphologies observed at this temperature are reported on
Fig. 16. The oxide scale consists mainly of a-Al2O3 on the three systems, and
the oxide scale is dense without whiskers, When rutile oxide or mixed rutile
oxide were identiﬁed by XRD, as for RT22/CMSX4 and RT22/IN792
systems (Figs. 11 and 13), large spalled zones and cracks were observed in
the oxide scales (Fig. 16c).
Oxide Scale Cross-sectional Morphologies
Cross-sectional morphologies of oxide scales observed by SEM are
reported on Fig. 17. Oxide-scale thickness was determined from several
measurements (about 10) on several SEM images corresponding to diﬀerent
zones on the cross-section (random choice). Undulations were observed at
the metal/oxide interface of RT22/CMSX-4 at 900C (a) and 1050C
(Fig. 17d). That leads to a variable thickness (between 2.4 and 4.4 lm).
These undulations are not connected to the initial roughness, as it is the case
for RT22/SCB at 1150C (Fig. 17 h). Indeed, for RT22/CMSX4
(Fig. 17a, d) metal/oxide and oxide/gas interfaces do not follow the same
undulation.
For RT22/SCB and RT22/IN792 oxidized at 1050C, the measured
average oxide-scale thickness is well correlated to the mass gain during the
Fig. 13. XRD diagrams from RT22/IN792, b stands for b-NiAl, c¢ for c¢-Ni3Al, a for
a-Al2O3, c for c-Al2O3, R for rutile oxide TiO2 or mixed, sp for spinel NiAl2O4 or others.
Fig. 14. Oxide-scale surface after 100 h at 900C in synthetic
air of (a) RT22/CMSX-4 (b) RT22/SCB, (c) RT22/IN792.
Fig. 15. Oxide-scale surface after 100 h at 1050C in synthetic
air on (a) RT22/CMSX-4 Large smooth area are spalled zones,
(b) RT22/SCB, (c) RT22/IN792.
Fig. 16. Oxide-scale surface after 100 h at 1150C in synthetic
air on (a) RT22/CMSX-4, (b)RT22/SCB, (c) RT22/IN792.
high-temperature dwell of the TG analysis, assuming a-alumina formation
(0.185 mg/cm2 for a 1 lm scale). This is not the case for the RT22/CMSX4
system at 1050C nor for the three systems at 900C, for which the actual
Fig. 17. Cross-sections of oxide scale observed by SEM (secondary electron) on the three
coating systems after isothermal oxidation at 900C (a, b, c), 1050C (d, e, f) and 1150C
(g, h, i), in synthetic air, after cyclic oxidation at 900C (j, k, l) in laboratory air.
Fig. 18. (a) TEM cross-section of the oxide formed on RT22/CMSX-4 after 100 h
at 1050C in synthetic air. (b) Localization (white arrow) of the (Al,Ti,Cr)(Ti,-
Ta)O4 midle layer in the oxide scale formed on RT22/CMSX-4 after six cycles of
30 h at 900C (SEM-SE) (c) after 6 300 at 1050C.
oxide-scale thickness is larger of 25–40% than expected from the mass gain
at high temperature. This diﬀerence can be attributed to the amount of
oxide formed during heating in the TGA (the mass gain during heating is
not reported in Figs.7–9).
It can be seen also on Fig. 17j–l the oxide-scale thickness after cyclic
oxidation at 900C is well correlated with mass gains shown on Fig. 10, with
a thicker oxide scale for the RT22/SCB system and a thinner oxide scale for
the RT22/IN792 system.
Oxide scale formed on RT22/CMSX-4 after 100 h at 1050C was
also analyzed by TEM with EDS (Fig. 18a). This examination reveals
that three zones could be distinguished : (1) an internal zone (1 lm thick)
close to the metal/oxide interface, formed of large a-Al2O3 grains, (2) a
middle zone (1 lm thick) with small grains, analyzed to be a Ti, Ta-rich
oxide, (3) an external zone (4 lm thick) composed of large a-Al2O3
grains and where cavities can be observed (marked with arrows). The Ti,
Ta-rich oxide probably corresponds to the rutile oxide detected by XRD.
Its chemical composition was measured by EDS (Table VII). Note that
the quantiﬁcation of O by EDS is diﬃcult so the chemical composition
reduced to metallic elements was also reported in Table VII. Ti, Ta-rich
rutile oxides which can be formed on RT22/CMSX-4 are TiO2 AlTaO4,
CrTaO4, NiTA2O6, CoTa2O6 or CrTa2O6. Lattice parameters of these
oxide phases are close to each other, so it was diﬃcult to distinguish
them by XRD or by electron diﬀraction in the TEM. Mixed oxides can
also form. The ternary phase diagram AlTaO4–CrTaO4–TiO2 has been
studied at 1200C.34 It was found that a continued solubility of CrTaO4
and TiO2 exists at this temperature. That means that the rutile oxide
observed on RT22/CMSX-4 is probably a solid solution (Al,Cr,Ti)(Ta,-
Ti)O4 where Al
3+, Cr3+ and Ta5+ are randomly distributed on cationic
sites.
This middle layer of Ti–Ta rich oxide was also observed by TEM on
RT22/CMSX-4 samples after 6 and 17 cycles of 300 h oxidation at 1050C26
and by SEM after 6 300 h cyclic oxidation at 900C (Fig. 18b) and 1050C
(Fig. 18c).
Table VII. TEM–EDS analyse of the Ti, Ta-rich oxide formed on RT22/CMSX-4 after
100 h at 1050C
%at. AI Ti Cr Co Ni Mo Ta W Pt O
Rutile 11–14 40–46 0–1 0–1 1–2 0 2–4 0 0 34
Oxide 18–21 64–69 0–1.5 0–1.5 1.6–3 0 3–6 0 0
DISCUSSION
The microstructure, composition and morphology of as-coated systems
are complex and inﬂuenced by the nature of the substrate as it was high-
lighted by SEM and TEM investigations. According to the literature,29,35
the coating system RT22/CMSX-4 which is commonly used in service, is
usually a single-phase coating with an external part which consists of b-NiAl
rich in Pt. But the RT22/CMSX-4 coating, although prepared under
industrial conditions, is a two-phase coating. This two-phase microstructure
was also observed by Go¨bel et al.4 on RT22 deposited on two other single-
crystal superalloys CMSX-6 and SRR 99. The coating microstructure de-
pends on the thickness of the initial platinum deposit,36,37 on diﬀusion heat
treatments after Pt deposition and on the parameters of aluminization (Al
content, duration).38
Although the three systems are two-phase coatings prepared under the
same conditions, the surface morphologies, compositions and microstruc-
tures observed on cross sections are diﬀerent. The roughness is quite similar
on the three systems but the observed topographies revealed some diﬀer-
ences and surface heterogeneities. The thickness of the diﬀerent coating
zones (EZ, MZ and IZ) depends also on the superalloy substrate. The main
diﬀerence between the coating systems studied is the chemical composition
at the surface. Particularly, the Ti and Ta-rich phase Ni(Ti, Al, Ta)2 which
was observed at the surface between b-NiAl grains on RT22/CMSX-4 (Figs,
1 and 2). All these diﬀerences are related to the composition of the substrate
and the associated thermal treatments. They inﬂuence scale the growth
kinetics, oxide-scale morphology, microstructure and composition.
Oxide-Scale Growth and Eﬀect of Substrate Alloying elements (Ti and Ta)
During isothermal oxidation, it was shown that the transient-oxidation
stage was slightly longer for RT22/CMSX-4. According to this observation
and to XRD and microstructural investigations, it can be proposed that
during this transient-oxidation stage, transient alumina ﬁrst forms on
b-NiAl, PtAl2 and Ni(Ti, Al, Ta)2. Because of the fast growth of transient
alumina, the Ni(Ti, Al, Ta)2 phase becomes Al-depleted and forms Ti,Ta-
rich oxides of the rutile-type such as the mixed oxide (Al, Cr, Ti)(Ta, Ti)O4
which was detected by XRD (Fig. 11) and observed on TEM cross sections
(Fig. 18a). Then c-Al2O3 transformed to a-Al2O3 leading to the steady-state
stage controlled by a-Al2O3 growth. TEM cross sections on specimens
oxidized for 100 h at 1050C showed that the rutile oxide (Al, Cr, Ti) (Ta,
Ti)O4 layer rests between two large-grain alpha-alumina layers, the external
one being 4 lm thick and the internal one 1 lm thick. This observation
suggests a cationic growth of the transient alumina followed by the growth
of Ti, Ta-rich rutile oxide at the metal/oxide interface. Then the transient
alumina transformed to stable a-alumina with the simultaneous internal
a-alumina growth by anionic growth. This change of growth mechanism
(i.e., cationic to anionic) and the volume change associated with the trans-
formation of transient alumina to alpha alumina can explain the presence of
cavities within the external part of the oxide scale (marked with arrows on
Fig. 18a). Such a mechanism (Fig. 19a) can explain also the undulations
observed at the metal/oxide interface of RT22/CMSX-4 which can not be
attributed to the initial surface roughness.
XRD showed that rutile oxide also formed on RT22/IN792 at 1050 and
1150C. As no TEM observation was done on this system, it cannot be
concluded that this rutile oxide had the same location and origin as the rutile
oxide grown on RT22/CMSX-4. Moreover, the Ni (Ti, Al, Ta)2 phase
leading to (Al, Cr, Ti)(Ta, Ti)O4 formation was not observed on RT22/
IN792, and the oxide-scale morphology was not the same, nor the transient
oxidation stage which was not as long as on RT22/CMSX-4. As a conse-
quence, it is thought that rutile oxide on RT22/IN792 did not form by the
same mechanism as on RT22/CMSX-4. As shown in Fig. 19b and as al-
ready proposed by Go¨bel for RT22/CMSX-6,4 rutile oxide probably grew
Fig. 19. Oxide-scale-growth mechanism during short isothermal oxidation at 900 or
1050C in synthetic air of (a) RT22/CMSX-4, (b)RT22/IN792, (c)RT22/SCB.
on RT22/IN792 by fast-Ti diﬀusion from the substrate to the external-oxide
surface where it can form TiO2 above the existing alumina scale.
OnRT22/SCB, no rutile oxide was detected after isothermal oxidation at
900C and 1050C. Transient oxide h-Al2O3 was only partially transformed
to a-Al2O3 after 100 h at 900C but also after 35 cycles of 300 h at 900C
(Fig. 20), Whereas after 100 h at 1050C, the oxide scale consisted exclusively
of a-Al2O3. On this coating system, the oxide scale was dense, adherent,
continuous and can grow according to the mechanism proposed in Fig. 19c.
Cracks and spallation were observed only when rutile oxide is detected by
XRD. This Ti, Ta-rich oxide which has grown on RT22/CMSX-4 and RT22/
IN792 according to mechanisms proposed in Fig. 19 appears responsible for
crack formation in the oxide scale and thus promotes spallation. The presence
of Ti (and/or Ta) in oxide scale is often reported as detrimental to alumina-
scale spallation resistance.4,19–23 It is still unclear how Ti (and/or Ta) leads to
cracking and promotes spallation. Some authors suggested that fast diﬀusion
of Ti to the surface leads to TiO2 formation above Al2O3 and enhances the
oxide-scale growth rate.4,20,21 Other authors39 proposed that Ti promotes
development of Ti-rich oxide protrusions at the metal/scale interface and that
these protrusions introduce a complex stress state which initiates the for-
mation of cracks.
Cracking and spallation result from stresses generated in the oxide
scale. Two types of stresses exist in oxide scales: growth stresses which
develop during the oxidation process and thermal stresses due to thermal-
expansion-coeﬃcients mismatch between the oxide scale and the metal.
Thermal-expansion coeﬃcients (CTE) of Al2O3 and TiO2 are similar at
1050C as CTE(Al2O3) = 8.5 10)6K)1 CTE(TiO2O3) = 8.4 10)6K)1.40
Then, thermal stress are not enhanced by TiO2 formation. The origin of
growth stresses is more complex and not fully understood. However, it is
commonly accepted that the growth stress is strongly aﬀected by the relative
molar volumes in the metal and in the oxide, the crystal structures of oxide
and metal, and the growth mechanisms of the oxide.14 When an oxide forms
at the metal/oxide interface, the volume change due to the oxide formation
can be expressed by the Pilling and Bedworth ratio (PBR).41 PBR of Al2O3
and TiO2 grown on NiAl alloy can be easily calculated from the corre-
sponding molar volumes. It is found that PBR(Al2O3/NiAl) = 1.8 and
PBR(TiO2/NiAl) = 2.6. This huge diﬀerence means that TiO2 growth on
RT22/CMSX-4 should introduce large local compressive stresses in the
oxide scale, which adds to the compressive thermal stress during cooling and
may promote local cracking or spallation.
On the contrary, for the RT22/IN792 system, if Ti4+ cations diﬀuse
through the oxide scale to form TiO2 on top of Al2O3, this should not result
in additional stress. On RT22/SCB, rutile oxide is not observed and the
transformation of transient alumina (i.e.,h-Al2O3 to a-Al2O3) seems delayed
(Fig. 20) compared to RT22/CMSX-4 and RT22/IN792. Several authors
also reported that the presence of Ti in the oxide scale, during oxidation of
(Ni,Pd)Al coating23 or b-NiAl alloy13,42 tends to accelerate the transfor-
mation of h-Al2O3 to a-Al2O3.
The present work shows that, in the RT22/CMSX-4 and RT22/IN792
systems, the formation of TiO2, (or mixed rutile oxide) comes together with
a faster c-Al2O3 to a-Al2O3 transformation. A faster transformation is
beneﬁcial to the oxidation kinetics, but can be detrimental to the spalling
behavior for two reasons. The ﬁrst one is that this transformation
corresponds to a molar volume reduction, then the associated strains cause
tensile stress in the oxide scale during high-temperature dwells. This tensile
stress generally induces some-oxide scale cracking. But for these short oxi-
dation times, healing will occur at the cracks. The second reason is that the
alumina transformation reduces the level of compressive growth stress
which adds to thermal compressive stress to cause spalling during cooling.
Then, a slow transformation may be beneﬁcial by reducing spalling during
Fig. 20. SEM image showing transient alumina on surface of
RT22/SCB after 35 cycles of 300 h at 900C in laboratory air.
Fig. 21. Oxide-scale cracking on RT22/CMSX-4 during long-term cyclic oxidation at
900C in laboratory air.
cooling during a larger number of cycles. Cracking of the oxide scale could
explain the raise of RT22/CMSX-4 and RT22/IN792 mass gains during
long-term cyclic oxidation at 900C. Indeed, as shown in Fig. 21, oxide-scale
cracking leads to the exposure of fresh bare metal to the oxidant at high
temperature that can induce the growth of new transient oxides (i.e.,
c-Al2O3). As the parabolic rate constant (kp) for c-Al2O3 growth is two
orders of magnitude larger than for a-Al2O3, the mass gain can suddenly
increase even if a small area is cracked. This also explains why c-Al2O3
peaks reappeared on XRD of RT22/CMSX-4 after 27 and 35 cycles and of
RT22/IN792 after 21 cycles (Figs. 11 and 13). SEM observation of RT22/
IN792 surface after 35 cycles at 900C (Fig. 22) conﬁrms that new transient
alumina forms close to cracks of the oxide scale.
Substrate Eﬀect
Although the three superalloys were coated with the same coating
RT22, prepared by the same company and under the same conditions, the
initial oxidation kinetics are diﬀerent. This was observed during ‘‘short’’
isothermal tests at 900–1150C, but also during long-term cyclic oxidation
at the lower temperature, 900C. This eﬀect essentially occurs during the
transient stage and can be related to the initial chemical composition of the
coating surface which depends on the protected superalloy chemistry and
associated heat treatment.
Fig. 22. SEM image showing transient-alumina growth close to
cracks on the surface of RT22/IN792 after 35 cycles of 300 h at
900C in laboratory air.
First, it was observed for all samples that RT22 oxidizes faster on SCB
than on CMSX4 and that IN792 is the substrate which leads to the lowest
oxidation kinetics, at least during about 5000 h at 900C (Fig. 10). This
observation could be due to the eﬀect of the reactive elements in the CMSX-
4 alloy (Hf and Zr) and in the IN792 alloy (larger amounts of Hf and Zr),
whereas SCB alloy has no reactive elements (Table I). Nevertheless, Zr and
Hf were never detected during SEM–EDS and TEM–EDS analysis of the
oxide scales. Moreover, these diﬀerences in mass gains are due mainly to
initial oxidation (ﬁrst two cycles), after which the oxidation kinetics are
similar up to about 5000 h. But the substrate has another and perhaps more
important eﬀect. The Ni(Ti, Al, Ta)2 phase detected on RT22/CMSX-4
leads to rutile/mixed-oxide formation which aﬀects the oxidation kinetics
during the transient stage, but also during long-term, cyclic-oxidation tests
at 900C. This substrate eﬀect is due mainly to rutile oxide formed on RT22/
CMSX-4 and on RT22/IN792 which causes oxide-scale cracking and
re-oxidation of bare metal under these cracks. However, at 900C, these
systems have an excellent cyclic-oxidation behavior even for a very long
duration test of 15,600 h. Then, such cyclic-oxidation tests at 900C is not
damaging enough to reach the lifetime of these superalloy/coating systems
and to clearly show what system is the most resistant. At 900C and below,
corrosion is expected to be far more important than pure oxidation in a gas-
turbine environment. Long-terms oxidation tests at 1050C have been per-
formed and reported in the second part of this paper.43 At this higher
temperature, interdiﬀusion between the coating and the substrate takes a
large part in the damaging process44 and is expected to have a large eﬀect on
cyclic-oxidation resistance.
CONCLUSIONS
Short-term, isothermal-oxidation tests at 900, 1050 and 1150C and
long-term, cyclic-oxidation tests at 900C additionally to XRD and micro-
structural investigations were performed on the same Pt-modiﬁed, nickel-
aluminide coating (RT22) on three diﬀerent Ni-base superalloys (CMSX-4,
SCB and IN792). From this study, several conclusions can be drawn:
1. a Ti,Ta-rich metallic phase was observed at the coating surface be-
tween b-NiAl grains in the RT22/CMSX-4 system. This phase leads
to the formation of a rutile/mixed oxide (Al,Cr,Ti)(Ta,Ti)O4 during
the transient-oxidation stage, and a mechanism was proposed to
explain the growth of this oxide.
2. The rutile oxide observed on RT22/IN792 does not form by the same
mechanism as that on RT22/CMSX-4. This oxide is probably due to
Ti diﬀusion from the substrate through the coating and the oxide
scale up to the external surface where it can form TiO2 above the
existing alumina scale.
3. On RT22/SCB, because of a less pronounced thermal treatment
which leads to a lower Ti content in the initial RT22 coating, no
rutile oxide was detected after isothermal oxidation at 900 and
1050C, and transformation of transient alumina h-Al2O3 to a-Al2O3
is delayed compared to RT22/CMSX-4 and RT22/IN792. These
observations suggest that Ti in the oxide scale accelerates the
transformation of h-Al2O3 into a-Al2O3. This may be related to the
fact that Ti increases the densiﬁcation rate and the ﬁnal density of
sintered a-Al2O3 from a d-Al2O3 powder.
8
4. Ti, Ta-rich oxide on RT22/CMSX-4 and RT22/IN792 appeared
responsible for crack formation. This is either due to a much larger
PBR ratio for TiO2 than for Al2O3, leading to additional local
compressive growth stresses and enhanced spalling during cooling,
or because of the faster transformation of transient alumina to
a-alumina. Indeed, a slow transformation with its associated molar
volume reduction could be beneﬁcial because of a reduction of the
level of compressive stresses over a long period.
5. During long-term, cyclic-oxidation tests at 900C, oxide-scale
cracking induces the exposure of fresh bare metal to air and thus the
formation of new transient oxides, increasing the mass gain for the
RT22/CMSX-4 and RT22/IN792 systems.
6. At 900C the substrate eﬀect essentially occurs during the transient-
oxidation stage because of the initial chemical composition of the
coating surface which depends on the superalloys and associated
heat treatments. The RT22/IN792 system has the slower oxidation
kinetics up to 16 cycles of 300 h. This could be due to the presence of
a signiﬁcant amount of Hf and Zr in IN792, but these elements were
never detected in the oxide scale. Nevertheless, the formation of the
rutile layer on some systems has some negative consequences over a
longer time.
7. The three systems tested have excellent long-term, cyclic-oxidation
resistance at 900C and are still far from their end of life after
15,60 h. Nevertheless, 900C is an important temperature for gas-
turbine applications. Then, these tests produce useful long-term
cyclic-oxidation data that cannot be extrapolated from higher tem-
peratures as the main degradation processes are diﬀerent.
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